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Summary
To investigate the effect of primary biotin deficiency on growth and the skin, germ-free and conventional mice were given a purified biotin-deficient diet without egg white for 57 days. The body weight was significantly reduced in germ-free mice fed the biotin-deficient diet, whereas no reduction was seen in the conventional mice. Biotin levels decreased significantly in tissues of conventional and germ-free mice fed a biotin-deficient diet except in the heart of the conventional mice. Pyruvate carboxylase activity also decreased significantly in the liver, kidneys, and skin of conventional and germ-free mice fed a biotindeficient diet, and the activity in the tissues of germ-free mice was lower than that in the conventional mice. Most germ-free mice fed the biotindeficient diet exhibited severe alopecia, whereas conventional mice on the same diet did not. The histological changes in the alopecic skin were degeneration of the medulla of hair and the cortex of hair in germ-free mice fed the deficient diet. These degenerative changes in the skin of germ-free mice fed the biotin-deficient diet induced downgrowth of the hair root. constituents other than avidin that might be involved in growth depression such as ovoinhibitor proteins and ovomucoids, both of which act as trypsin-inhibitors [1] . Prevention of coprophagy by the use of tail cups can reduce weight gain and alter the composition of the microflora [2] . Antibiotics usually only temporarily decrease the intestinal microflora which decrease is followed by repopulation by resistant species. Such procedures, therefore, hardly represent ideal methods by which to produce experimental biotin deficiency. Whether the deficiency produced by such methods represents true biotin deficiency, or is artifactually tainted due to the experimental procedure used is not clear. The use of germ-free animals fed a purified biotin-deficient diet without inclusion of egg white is preferred. Primary biotin deficiency using germ-free animals has been reported by Coates et al. [3] , Cherruau et al. [4] , and Komai et al. [5] . However, primary biotin deficiency using germ-free mice has not yet been reported clearly from the viewpoint of alopecia and growth depression. Previously, we showed that some germ-free mice fed a biotin-deficient diet without inclusion of egg white for 20 days exhibited alopecia, but not growth depression [6] . However, the body weight in rats has been reported to decrease significantly after 50 to 60 days under conditions comparable to those used in our previous experiments [4] . To determine whether or not the lack of growth depression was due to the short period of the experiment, and to examine the histological changes in the alopecic skin, we gave germ-free and conventional mice a purified biotin-deficient diet without egg white for 57 days.
MATERIALS AND METHODS
Animals and diet. Four-week-old male IQI/Jic [Gf] germ-free and conventional mice, each weighing about 15 g, were maintained in stainless steel cages with wire screen bottoms (three or four mice per cage) in a Trexler-type flexible film isolator. Germ-free mice bred in our laboratory were maintained in a standard germ-free state. The germ-free status of mice was verified at the beginning and at the end of the experiment by the routine procedure [7, 8] . Germ-free mice were conventionalized by oral administration of feces suspension (in physiological saline solution as drinking water) from conventional mice, and their conventionalized mice were used as conventional mice in this experiment. Animals were divided into two germ-free and two conventional groups, one each of which served as a control, while the other served as the biotin-deficient group. Mice were fed the control or biotin-deficient diet for 57 days ad libitum under a controlled temperature of 22+2°C and relative humidity of 50+ 10%. Lighting was regulated automatically to provide constant periods of alternating light and darkness (the light was on from 8:00 to 20:00). The composition of the control diet used in this experiment was as reported previously [6] . The biotin-deficient diet had the same composition as the control diet except that no biotin was added. Both diets were irradiated with 5 Mrad of y-rays. After 57 days, the animals were killed by exsanguination under light anesthesia. Liver, kidneys, lungs, heart, testis, and skin were dissected out, rinsed with physiological saline, blotted dry on filter paper, weighed, and stored at -80°C until analysis could be performed.
Assay procedures. Biotin concentrations in diets and tissues were determined by a microbiological method using Lactobacillus plantarum ATCC 8014 as reported previously [9] . Tissue samples were cut into small pieces and homogenized in four volumes of cold saline with a Polytron homogenizer. Samples were acid hydrolyzed prior to the assay according to the method of Hood [10] . Two hundred microliters of 4.0 N sulfuric acid was added to 200,u1 of plasma or the homogenate in a tube covered with aluminum foil. After the tubes had been autoclaved at 1.0 kg/cm2 pressure for 1 h, the hydrolysates were neutralized with sodium hydroxide.
Pyruvate carboxylase activity was assayed by the method of Ballard and Hanson [11] , and the incorporation of [14C] bicarbonate into oxaloacetate was measured. The liver and the kidney were homogenized in four volumes of 0.05 M Tris-HC1 buffer, pH 7.4, containing 5 mNi mercaptoethanol. The resultant homogenates were centrifuged at 12,000 X g for 20 min, and the supernatants were used as the enzyme samples. Reactions were carried out in small stoppered test tubes containing the following constituents: 25 ,umol of Tris-HC1 (pH 7.4), 10 pmol of sodium pyruvate, 2.5 1umol of sodium ATP, 0.75,umol of acetyl-CoA, 50 1amol of 14C-labeled NaHCO3 (specific activity 12,000 c.p.m. per 1umol, Amersham, England), 5 pmol of MgC12, and the enzyme sample in a total volume of 1 ml. After incubation for 30 min at 37°C, the reactions were stopped by the addition of 0.5 ml of 10% trichloroacetic acid. After centrifugation, any remaining CO2 was removed by bubbling unlabeled CO2 through the solution, and 1-ml aliquots of this solution were counted in a Packard 1600 TR liquid-scintillation analyzer (Packard Instrument Company, Meriden, CT). One unit of activity was defined as the amount of enzyme required to catalyze the fixation of 1 1umol of [14C] bicarbonate/min at 37°C.
Protein concentrations in the homogenates were determined by the method of Bradford [12] with a commercial dye reagent kit (Bio-Rad Laboratories, Richmond, CA). Bovine serum albumin was used as the standard.
Histopathological studies. The liver, kidney, lung, heart, testis, and skin samples were fixed in neutral buffered formalin solution, and the tissues were processed for histological examination and stained with hematoxylin and eosin.
Statistical analysis. Statistical analysis was performed by the two-tailed Student's t-test, with p<0.05 taken to indicate significance.
RESULTS

Body and tissue weights
Body and tissue weights in germ-free and conventional mice fed on the control and biotin-deficient diets for 57 days are shown in Table 1 . A significant drop in M. IKEDA et al.
body weight was observed in germ-free mice, but not in conventional mice, during the intake of the deficient diet. Germ-free mice fed the biotin-deficient diet also showed a significant increase in liver weight, but no significant differences in other organ weights were observed between germ-free and conventional mice during the experiment.
Biotin levels in tissues
Biotin levels in tissues, generally used as an index of biotin nutritional status, are shown in Table 2 . Significant decreases were observed in biotin levels in tissues of both conventional and germ-free mice fed the biotin-deficient diet, with the exception of the heart of conventional mice (Table 2) . Although biotin levels in the liver, kidneys, lungs, and testes from germ-free mice fed the deficient diet decreased to about 11.2, 22.8, 47.0, and 41.8%, respectively, of those in the germ-free control group, the depletion of biotin in these organs from conventional mice fed the deficient diet was only about 50.9, 57.0, 91.4, 57.8, and 61.3% of the control levels, respectively. In conventional mice fed the biotindeficient diet, the biotin content in the heart showed no significant decrease, whereas in germ-free mice fed the deficient diet, the content decreased significantly Body weight are expressed as g. Liver, kidneys, heart, lungs, spleen, and testis are expressed as g/ 100 g body weight.
Values are means ± SD; *p <0.05, vs. corresponding control. Table 2 . Biotin levels in liver, kidneys, heart, lungs, testes, and skin from mice fed control and biotin-deficient diets.
Biotin levels are expressed as ng/g wet weight for each tissue. Values are means±SD; *p < 0.05, * * p <0.01, * * * p <0.001, vs. corresponding control.
(p<0.01), to 42.8% of the control level. Biotin levels in the skin of conventional and germ-free mice fed the biotin-deficient diet decreased significantly, to 50 .1 (p < 0.01) and 15.3 (p<0.001)% of the control level, respectively.
Pyruvate carboxylase activities
Pyruvate carboxylase activity in the liver and kidneys decreased with the progress of biotin deficiency. The activities of this enzyme in conventional and germ-free mice fed the control and deficient diets are shown in Table 3 . Pyruvate carboxylase activity in the liver, kidneys, and skin of conventional mice fed a biotin-deficient diet decreased significantly, to about 62.8, 67.5, and 38.4%, respectively, of the control values. On the other hand, the activity in the liver , kidneys, and skin of germ-free mice fed the deficient diet decreased significantly (p<0.001) even more so, i.e., to about 10.8, 31.0, and 16.4%, respectively, of the control values.
Histological studies
The skin of 83% of the germ-free mice fed the biotin-deficient diet showed alopecic changes (Fig. 1) , and 67% had severe blepharitis leading to closure of the eyelids, whereas the skin of conventional mice fed the same diet did not have any changes, even at the end of the experiment. Liver, kidneys, heart, lungs, and testes from conventional and germ-free mice fed the control and biotin-deficient diets had no histological changes. Specimens from the back skin of conventional and germ-free mice fed a control diet had no histological changes (Figs. 2, 3) .
In the back skin of conventional mice fed the biotin-deficient diet, the downgrowth of hair roots was sometimes observed (Fig. 4) . In germ-free mice fed the deficient diet (Fig. 5) , degeneration of the hair shaft and downgrowth of hair No inflammatory changes were observed around the hair follicles in the back skin of conventional or germ-free mice fed the control or biotin-deficient diet. 
DISCUSSION
Biotin deficiency has been reported to induce alterations of the skin besides growth depression in several species [1 3, 14] . However, the studies on biotin metabolism used animals fed a biotin-deficient diet containing egg white or avidin. Egg white contains constituents other than avidin that could be involved in growth depression such as ovoinhibitor proteins and ovomucoids, both of which act as trypsin inhibitors [1 ] . In our previous study [6] , some germ-free mice fed a biotin-deficient diet without inclusion of egg white for 20 days exhibited partial alopecia, but not growth depression. However, Cherruau et al. [4] had reported that biotin deficiency was easily induced in germ-free rats and that the body weight in rats decreased significantly after 50 to 60 days under conditions similar to ours. In the present study, significant differences in weight gain were observed in germ-free mice at 57 days between control and biotin-deficient groups, although the decrease in weight gain of the deficient germ-free mice was less than that in the biotin-deficient rats [4] , suggesting that in mice fed a biotin-deficient diet, growth retardation takes place gradually. This may explain why no reduction in body weight was observed during the short experimental period of our previous study [6] . The decrease in biotin level and in pyruvate carboxylase activity in tissues also indicates that the degree of biotin deficiency was severer in germ-free mice fed the biotin-deficient diet than in conventional ones. In this study, the lowest biotin level and the lowest pyruvate carboxylase activity were observed in the skin of both conventional and germ-free mice fed the biotin-deficient diet, and they were lower in the skin of germ-free mice than in that of conventional mice. Furthermore, most germ-free mice fed the deficient diet exhibited severe alopecia in the skin. These findings suggest that the effect of biotin deficiency on the tissues is most evident in the skin among the tissues tested.
In our previous study, some germ-free mice fed the biotin-deficient diet for 20 days exhibited partial alopecia [6] , whereas biotin deficiency in the germ-free mice in the present study was more severe, with most animals exhibiting alopecia. Severe alopecia was observed on the whole back from about 40 days, but at 57 days the whole back was covered sometimes with new fine hair resembling a hen with a molted plume. The new fine hair is in good agreement with the proliferation of hair follicles observed in the skin of biotin-deficient germ-free mice. New hair had begun to grow on the denuded area of the skin in mice fed a diet containing egg white and sulfaguanidine after the injection of 2 jcg of biotin for a few days [15] . The purified biotin-deficient diet used in this study contained biotin at a level of 7.3 pug/kg diet, which might have promoted the growth of new hair. Moreover, Luckey et al. [16] reported that germ-free rats fed the diet without biotin and folic acid developed alopecia and ulcers and that growth of new hair was evident on most of the body. In the present study, germ-free mice fed the biotin-deficient diet showed alopecia resembling closely that of the rats fed a biotin-deficient diet about 6-7 weeks from the start of the experiment; and as new growth of fine hair was seen at the alopecic site, this phenomenon is good agreement with that reported by Luckey et al. [16] The pharmacological concentration of biotin has been reported to cause a selective increase in the synthesis of differentiation-specific keratins in the HaCaT keratinocyte cell line [17] , and alopecia is the result of faulty hair retention that appears to be due to incomplete keratinization of the hair shaft adjacent to the club in biotin-deficient mice [18] . This means that the hair shaft of biotin-deficient animals is easily broken distal to the club. In the present study, we found that the medulla and cortex of hair were degenerated in the alopecic skin of germ-free mice fed the biotin-deficient diet. This degeneration may lead to incomplete keratinization of the hair shaft and to secondarily induced downgrowth of hair root and the proliferation of hair follicles in the alopecic skin of germ-free mice fed the deficient diet.
In the present study, we observed marked proliferation of the hair follicles in the alopecic skin of germ-free mice fed the biotin-deficient diet for 57 days. However, in general, alopecia brought about by aging is due to growth suppression of hair caused by the disorder of mitotic cells in the hair follicle. These findings indicate that the alopecia caused by the biotin deficiency is different from that caused by aging. Cell proliferation was significantly increased in skin and liver of biotin-deficient chicks [19] . Biotin-related epidermal hyperplasia of the plantar skin has also been found in turkeys [20, 21] , mice [22] , hamsters [23] , and rats [24] . In this study, the internal and external root sheaths were developed well, and numerous mitoses were observed in the external root sheath. This suggests that biotin deficiency is closely related to the cell proliferation.
Further studies including those utilizing cell culture might provide further insight into the role of biotin in alopecia.
